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BROADENING THE MEASUREMENT
RANGE OF OPTICAL SHUTTER-GATED
LIGHT DETECTION AND RANGING
(LIDAR)

BACKGROUND

The present invention relates to light detection and rang-
ing (LIDAR) systems, and more specifically, to techniques

for increasing the measurement range ol a shutter-gated
LIDAR system.

LIDAR (also referred to as LiDAR and LADAR) 1s a
technique that 1s often employed to obtain range or depth
information about a target and generate three-dimensional
(3D) 1images (or maps) of the target. For example, a LIDAR
system typically measures distance to a target by illuminat-
ing the target with pulsed laser light and measuring the
reflected pulses with a sensor. The reflected pulses are then
used to generate 3D 1mages. LIDAR systems are used 1n a
variety ol applications 1n which accurate range information
about a target 1s needed. For example, using the data
collected by a LIDAR system, 1t 1s possible to perform
terrestrial mapping, target detection and recognition,
obstacle detection and avoidance, 3D object capture, com-
ponent 1nspection, etc.

Two conventional techniques that LIDAR systems typi-
cally employ to obtain 3D images include a scanning
technique and a flash technique. The scanning technique
uses one or more detector pixels and a scanner to acquire 3D
images. For example, 1n the scanning technique, multiple
laser pulses are sent out from a laser system, and each laser
pulse 1s directed to a different point on the target by a
scanner. The time-of-tlight (ToF) (of the reflected pulse) 1s
then obtained for each target point, using a single detector
pixel. The flash technique, 1n contrast, uses an array (e.g.,
two-dimensional (2D)) detector and a single laser pulse to
illuminate the entire target and acquire 3D 1mages.

BRIEF DESCRIPTION OF DRAWINGS

Various embodiments in accordance with the present
disclosure will be described with reference to the drawings,
where like designations denote like elements.

FIG. 1 1s a block diagram illustrating a LIDAR system,
according to one embodiment.

FIG. 2A 15 a graph of a voltage applied to a Pockels cell
as function of time, according to one embodiment.

FI1G. 2B is a graph of phase retardation of a light pulse as
a Tunction of time, according to one embodiment.

FIG. 3 illustrates an example switching window for an
optical shutter, according to one embodiment.

FIG. 4 1s a timing diagram of operation a shutter, accord-
ing to one embodiment.

FIG. 5 1s a timing diagram of operating a shutter and a
laser source.

FIG. 6 1s another timing diagram of operating a shutter
and a laser source to broaden the measurement range of a
LIDAR system, according to one embodiment.

FIG. 7A 1llustrates operation of a shutter when a target 1s
located 1n a center of a range gate of the shutter.

FIG. 7B illustrates operation of a shutter having an
extended range gate when a target 1s located in a center of
the range gate of the shutter, according to one embodiment.

FIG. 8A 1llustrates operation of a shutter when a target 1s
located outside of a range gate of the shutter.
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FIG. 8B illustrates operation of a shutter having an
extended range gate when a target 1s located outside of the

range gate of the shutter, according to one embodiment.
FIG. 9 1s a flowchart of a method for increasing the
measurement range of a LIDAR system, according to one
embodiment.
FIG. 10 shows an example measurement range ol a
LIDAR system having an extended range gate, according to
one embodiment.

DETAILED DESCRIPTION

Some LIDAR systems employ fast optical shutters (e.g.,
photoacoustic devices, polarization modulators, electro-ab-
sorption modulators, etc.) to obtain 3D 1mages. In a shutter-
gated LIDAR system, for example, a scattered (e.g.,
reflected) light pulse from a target may pass through an
optical shutter (as 1t 1s transitioning from an “ofl” state to an
“on” state, and vice versa) and may be detected by a receiver
(e.g., an 1mage (camera) sensor). The recetver can measure
an intensity of the received light pulse and determine, based
on the measured intensity, the time-of-arrival (ToA) of the
pulse and the distance to the target.

In shutter-gated LIDAR systems, the target range infor-
mation 1s generally encoded onto the light pulses that pass
through the shutter as it 1s switching from a first state to a
second state, or vice versa. As a result, the length of time 1t
takes for the shutter to switch between states can limit the
measurement range of such LIDAR systems. In conven-
tional shutter-gated LIDAR systems, the switching time can
be adjusted to increase the measurement range. However,
this typically requires modifying the hardware of the LIDAR
system, for example, by adding parasitic elements to
increase the impedance of the load (the shutter, in this case).
Moditying the switching time 1n this conventional manner
generally translates to a higher power consumption, which,
in turn, can lead to larger components, increased costs, and
reduced efliciency.

To address this, embodiments herein describe techniques
for increasing the measurement range of a shutter-gated
LIDAR system by dynamically increasing the eflective
width (or duration) of the shutter switching window. As
described 1n more detail below, embodiments can generate
a trigger sequence to change a repetition rate of the shutter
(relative to a repetition rate of a laser source), so that the
shutter samples retlected pulses over a range wider than the
shutter switching window (or transitions) (as opposed to
sampling each reflected pulse at a same point of time during
the shutter pulses). In this manner, embodiments can
dynamically increase the measurement range ol LIDAR
without requiring hardware changes to the shutter or the
shutter driving electronics and without increases 1 power
consumption. As such, embodiments can increase the use-
fulness of LIDAR for a wide variety of applications, includ-
ing but not limited to, high speed photography/metrology,
pointing error and turbulence tolerant free-space optical
communications, robotics, environmental measurement and
monitoring, autonomous vehicles, autonomous delivery
devices, etc.

FIG. 1 1s a block diagram 1illustrating a LIDAR system
100, according to one embodiment. In one embodiment, the
LIDAR system 100 1s implemented as a polarization-modu-
lated flash LIDAR system. As shown, the LIDAR system
100 includes a controller 102, an 1lluminator driver 106, a
shutter driver 108, and an optical receiver 120. The optical
receiver 120 includes an optical sensor 122 and a (optical)
shutter 124. The controller 102, illuminator driver 106, the
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shutter driver 108, the optical sensor 122, and the shutter 124
can include hardware components, software modules, or
combinations thereof. The controller 102 1s representative of
a variety ol computing devices (or systems), including a
laptop computer, mobile computer (e.g., a tablet or a smart-
phone), microcontroller or other embedded system, server,
etc.

Although depicted separately, in one embodiment, the
controller 102, 1lluminator driver 106, and the shutter driver
108 can be implemented with a single component, e.g., with
clock circuitry, pulse (generator) circuitry, delay pulse gen-
erator circuitry, driver circuitry, power supply, and/or similar
control components to trigger operation of component(s) of
the LIDAR system 100. In some embodiments, the control-
ler 102, illuminator driver 106, and the shutter driver 108
can be implemented with more than three components.

The controller 102 1s configured to control operation of
the optical sensor 122, the shutter 124 (e.g., via the shutter
driver 108), and the pulsed illuminator 104 (e.g., via the
illuminator driver 106). For example, the controller 102 can
generate and apply electrical signals (e.g., control and/or
clock signals) to the i1lluminator driver 106, shutter driver
108, and the optical sensor 122. In one embodiment
described 1n more detail below, the electrical signals may
include signals to synchronize operation of the optical
sensor 122, the shutter 124, and the pulsed 1lluminator 104
to broaden the measurement range of the LIDAR system 100
according to one or more of the techniques described herein.

The pulsed 1lluminator 104 1s configured to transmit (or
emit or output) a light pulse (or beam) to the scene (or target)
130. In one embodiment, the pulsed illuminator 104 1s a
laser array. More generally, the pulsed 1lluminator 104 can
be any type of laser/light source. The light pulse may include
a laser pulse, light emitting diode (LED) pulse, etc. More
generally, a light pulse may also be referred to as a beam, an
optical pulse, an optical signal, an optical waveform, etc. In
one example, the controller 102 sends a control signal (e.g.,
“1Iluminator trigger™) to the 1lluminator driver 106 to trigger
the pulsed i1lluminator 104 to transmit a light pulse to the
scene 130. The controller 102 can generally configure the
repetition rate, energy, and duration of the light pulse that 1s
output from the pulsed illuminator 104. As described below,
the controller 102 can send the “illuminator trigger” at a
predefined frequency (e.g., 1; ) 1 order to drive the pulsed
illuminator 104 at a desired repetition rate. As used herein,
the control signal (or “illuminator trigger”) may also be
referred to as a pulse sequence or control sequence.

Although not shown, 1n some embodiments, the light
pulse that 1s output from the pulsed i1lluminator 104 may
optionally pass through TX optics (e.g., lens, mirrors, dii-
fusers, etc.) before reaching the scene 130. In one reference
example, the TX optics can include a set of collimating
lenses and an optical diffuser (e.g., rotating diffuser, holo-
graphic diffuser, etc.) to provide laser speckle reduction
(e.g., reduce coherent artifacts from the light 1llumination).
In some cases, the optical diffuser can be placed at the focal
point of the collimating lenses. In some cases, the optical
diffuser can be placed over the emitting elements (e.g., LED
or vertical-cavity surface-emitting lasers (VCSEL) array). In
addition to speckle reduction, the optical diffuser can be
used to tailor the 1lluminated field of view, or create an even
light field when an array of emitting elements i1s used. In
another reference example, assuming pulsed i1llumination
from a LED 1s used for the LIDAR system 100, the TX
optics may not include a diffusing element.

The light pulse output from the pulsed i1lluminator 104 1s
directed to the scene 130 and retflected by one or more
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objects 110 1n the scene 130. That 1s, each of the objects 110
may correspond to a different reflection of the pulsed light
emitted by the pulsed i1lluminator 104. In some cases, the
reflected (or backscattered) light pulses from the objects 110
may be 1nitially recerved at an optical filter (not shown) that
filters out light that has a wavelength or frequency that is
different from the wavelength or frequency of the light
emitted by the pulsed i1lluminator 104. For example, if the
pulsed 1lluminator 104 emits light with a 940 nm wave-
length, the optical filter can remove any light that has a
frequency greater than or less than this wavelength (within
some tolerance (e.g., +/-5%) so the filtered light has sub-
stantially the same wavelength as the emitted pulses). This
permits the reflected laser pulses to enter into the LIDAR
system 100 while removing light at different wavelengths. In
some embodiments, after passing through the optical filter,
the light may optionally pass through RX optics (not shown)
(e.g., lens, focusing elements, etc.).

The shutter 124 may receive the reflected light pulses
from the scene 130. The shutter 124 includes a linear
polarizer 150, a polarization modulator 160, and an analyz-
ing polarizer 170. In some embodiments, the linear polarizer
150 filters out any received light that does not have a
predefined polarization (e.g., a linear polarization 1n a par-
ticular direction). In one particular example, the linear
polarizer 150 may permit light with only a vertical polar-
1zation (e.g., a polarization 1n the page) to pass through. That
1s, the linear polarizer 150 1s generally used to reject
unwanted polarized light from the reflected light pulses so
that light entering the shutter 124 has the same 1nitial
polarization. For example, assuming the linear polarizer 150
1s configured parallel to the emitted linear polarized light (of
the light pulse), the linear polarizer 150 can filter out
unwanted polarized light to output only linear polarized light
parallel to the emitted linear polarized light. Note, however,
this example assumes (1) the pulsed illuminator 1s emitting,
single mode (one polarization), (2) there 1s no diffuser
present (or, if there 1s a diffuser present, the diffuser has little
impact on polarization), and (3) the reflections preserve
polarization.

The polanization modulator 160 (e.g., Pockels cell) 1s
arranged at an output of the linear polarizer 150 and 1is
configured to change the polarization of incident light. As
used herein, a polarization modulator may also be referred
to as a polarization rotator, a tunable waveplate, a modula-
tion cell, etc. In this embodiment, the linearly polarized light
can pass through the polarization modulator 160 in the
shutter 124, and the polarization modulator 160 can selec-
tively change the polarization of the reflections receirved
from the objects 110. In one embodiment, the polarizations
of the reflections are changed to different values depending
on the distances the objects 110 are from the LIDAR system
100 and the time at which the reflections arrive at the
LIDAR system 100. That 1s, the reflection caused by a first
object 110 may have a different polarization after passing
through the polarization modulator 160 than the reflection
caused by a second object 110. Put differently, when the
reflected light pulses reach the polarization modulator 160 of
the shutter 124, the reflected light pulses experience a
time-oi-incidence-dependent phase retardation and a corre-
sponding change in their polarizations, based on a trigger
from the controller 102 (and/or the shutter driver 108). The
analyzing polarizer 170 1s arranged at an output of the
polarization modulator 160 and can be used to convert a
change 1n polarization to a change in intensity, which can be
detected by the optical sensor 122.
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In some embodiments, the controller 102 (and/or shutter
driver 108) may implement a delay pulse generator that
triggers the polarization modulator 160 at a certain delay
time (T) (e.g., alter triggering the pulsed 1lluminator 104) to
change the polarization state of the reflected light pulse. The
controller 102 can trigger the polarization modulator 160 to
change the polarization state by applying a time varying
voltage, V (1), to the polarization modulator 160 during a
modulating gate time, T . (which may also be referred to as
a switching window). In some embodiments, the controller
102 can synchromize the pulsed illuminator 104 to the
shutter 124 so that the reflections from the objects in the
scene 130 are received while the phase retardation of the
polarization modulator 160 changes monotonically. For
example, the controller 102 can program the delay time, T,
to allow for detecting light that 1s reflected at different times.
In some cases, T can be programmed, such that the shutter
124 1s triggered 1n time intervals [t,, T,+1z], [T,, T,+T1 4],
etc. As used herein, each time interval [t,, T,+1 ;] (where
Ozt <T ) may be referred to as a gate time. By programming
the delay time, T, embodiments can allow for the scanming,
of multiple gate times over multiple cycles. As described
below, the controller 102 can send the “shutter trigger” at a
predefined frequency (e.g., 1,-~) 1 order to drive the repeti-
tion rate of the shutter 124.

FIG. 2A 1llustrates a reference example of voltage applied
to a polarization modulator 160 (e.g., a Pockels cell) of a
shutter 124 as a function of time, according to one embodi-
ment. When the controller 102 triggers the polarization
modulator 160 (e.g., via the shutter driver 108), the voltage
applied to the polarization modulator 160 begins to increase
from zero voltage to the half-wave voltage V__ (where V _ 1s
the half-wave voltage of a polarization modulator 160
having a first order EO eflect (also known as the Pockels
cllect)). Because a phase retardation (t) 1s proportional to
an applied voltage V(t), the applied voltage V(1) also triggers
a change 1n the phase retardation (t). Note, 1 other
embodiments, the bias voltage can increase from zero volt-
age to another voltage (e.g., set below V_). For example, a
DC bias or passive phase bias can be applied with a voltage
swing set below V_ 1n order to operate within more of the
linear central region of the intensity modulator transfer
function. As shown 1n FIG. 2B, as the reflected light pulse
from scene 130 travels through the polarization modulator
160 during the gate time T, the reflected light pulse
experiences a polarization-dependent phase retardation ¢(t),
and 1 a quarter-wave plate 1s placed aiter, the linear polar-
ization state 1s rotated by an angle 0(t). However, 1n other
embodiments, no quarter-wave plate 1s used. In some
embodiments, the time of thght (ToF) of the retlected light
pulse can be determined from the polarization rotation angle
of the reflected light pulse.

Note that while FIGS. 2A and 2B depict the bias voltage
and phase retardation for a polarization modulator 160,
respectively, as increasing linearly with respect to time, in
other embodiments, the bias voltage and phase retardation
for the polarization modulator 160 may have non-linear
shapes (e.g., periodic or sinusoidal wavetorm). Additionally,
for maternals exhibiting second order EO effects (e.g., Kerr
materials), the phase retardation may be proportional to the
voltage squared, and for materials exhibiting higher order
EO eflects, the phase retardation may have higher order
voltage dependence. Regardless of the shape of the phase
retardation, in one embodiment, the controller 102 may
control the polarization modulator 160 such that the retlec-
tions are received when the phase retardation 1s monotonic.
That 1s, 11 the polarization modulator 160 has a sinusoidal
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wavetorm, the controller 102 can ensure only a monotonic
portion of the waveform 1s used to change the polarizations
of the retlections. That way, retlections received at different
times are guaranteed to have different polarizations (so long
as the retflections are received when the phase retardation
applied by the polarization modulator 160 i1s changing
monotonically).

Referring back to FIG. 1, the analyzing polarnizer 170
receives (from the polarization modulator 160) reflected
light pulses with the modified polarization states and con-
verts the reflected light pulses with the modified polarization
states to light pulses that have a measurable intensity modu-
lation. In one embodiment, the LIDAR system 100 can
determine the range information based on the intensity of the
reflected light pulse(s) measured by the optical sensor(s)
122. In one embodiment, the optical sensor(s) 122 1s an
image (e.g., camera) sensor that acquires image information
from reflected light of a scene 130 onto a set of pixels. The
optical sensor(s) 122 can generally include any type of
image sensor, examples of which include, but are not limited
to, charged coupled device (CCD) image sensors, comple-
mentary metal-oxide-semiconductor (CMOS) 1mage sen-
sors, etc. In one example, the controller 102 sends a control
signal (e.g., “camera trigger” or “master trigger”) to the
optical sensor(s) 122 to control operation of the optical
sensor(s) 122 (e.g., configure an camera exposure time of the
optical sensor(s) 122).

In one embodiment, the optical receiver 120 includes a
single optical sensor 122. In some embodiments where a
single optical sensor 122 1s used, the analyzing polarizer 170
may be a polarizer grid (e.g., micro polarizer array) that 1s
patterned directly onto the optical sensor 122. Note, how-
ever, that this 1s merely an example and that other types of
analyzing polarizers can be used with the optical sensor 122.

In another embodiment, two optical sensors 122 can be
used to obtain range information of the scene 130. For
example, the two optical sensors 122 can measure the
respective intensities of the polarized components, and use
the intensity information to compute the ranges between the
LIDAR system 100 and the objects 110 1n the scene 130. In
this embodiment, a polarizing beam splitter can be used as
the analyzing polarizer 170. In particular, as the polarization
state of the light exiting the polarization modulator 160
changes 1n time, the range can be obtained from detected
intensities after the polarizing beam splitter and knowledge
of the changing function (e.g., phase retardation) of the
polarization modulator 160. Optionally, the LIDAR system
100 can include a quarter-wave plate that converts an
clliptical polarization output by the polarization modulator
160 into a linear polarization, and the analyzing polarizer

(e.g., polarizing beam splitter) can split the linearly polar-

ized light between two different optical sensors 122. In
particular, a first polarized component (e.g., s-polarized
light) can be sent to (or detected by) a first optical sensor 122
(c.g., the s-channel) and a second orthogonally polarized
component (e.g., p-polanized light) can be sent to (or
detected by) a second optical sensor 122 (e.g., the p-chan-
nel). Note, however, this 1s merely an example and that, in
other embodiments, the LIDAR system 100 may include
other types of analyzmg polarizers that may behave difler-
ently.

Note that the LIDAR system 100 depicted in FIG. 1 1s
provided as a reference example of a LIDAR system 100 1n
which the techmiques presented herein can be used. In other
embodiments, the techniques presented herein can be used
in other LIDAR system configurations which do not include

a polarization modulator 160 as a shutter 124. Instead, the
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shutter 124 can be any device capable of modulating light at
relevant timescales when one or more reflections are
received at the LIDAR system 100. Other suitable tech-

niques for fast on/off modulation of light that can be used as
the shutter 124 include photoacoustic devices (e.g., acousto-
optic modulation), photo-elastic devices, Kerr effect and
Pockels effect devices, carrier injection or electro-absorption
(e.g., multi-quantum well stacks), and semiconductor satu-
rable absorber mirrors (SESAM). These types of shutters
may correspond to different functions than the phase retar-
dation exhibited by a polarization modulator when switching
between on and off states (or high/low states). For example,
the shutter may exhibit a function of varying opacity as the
shutter switches between a transparent (on) state and an
opaque (off) state. In general, the function of the shutter 1s
to change the intensity of the light, where the embodiment
in FIG. 1 uses polarization as an intermediate stage to
accomplish this task. The detector(s) (e.g., optical sensor(s)
122) measures an intensity. Whatever the means of modu-
lation, the shutter converts the returned pulses to a variation
1n the 1ntensity so that it can be measured by the detector(s).
For example, SESAMs and electro-absorption would
directly modify the opacity via an absorption mechanism.
Acousto-optic modulation could use beam deflection to
modulate the intensity of the returned pulses. In any case, the
function may change a characteristic of the reflected pulses
(e.g., intensity) that 1s dependent on the time the reflected
pulses are received, similar to the polarization modulator
changing the polarization of the reflected pulses depending
on when they enter the shutter.

As noted above, 1in shutter-gated LIDAR systems, the
target range information 1s generally encoded onto the light
pulses (reflected from the scene) that pass through the
shutter while 1t 1s switching. As shown in FIG. 3, for
example, 1f a pulse of scattered light (reflected) from a target
passes through the shutter 124 while the shutter 124 1s
switching (within a modulating gate time T ) from “off” to
“on” (or vice versa), then the intensity of the received signal
can be used to determine the ToF and, therefore, the range
of the target. Note that in embodiments where the shutter
124 uses a tunable waveplate (e.g., Pockels cell), the polar-
1zation state of the received signal 1s changed during the
switching, which corresponds to a change 1n received inten-
sity through the use of one or more polarizers. In general,
with this technique, a dimmer (Jow) signal may indicate that
a target 1s relatively close (e.g., within a first distance) and
a brighter (high) signal may indicate that a target 1s further
away (e.g., within a second distance greater than the first
distance).

One 1ssue with the above approach, however, 1s that 1t
may not be possible to determine range information (e.g.,
range discrimination may not be possible) for light that
enters the shutter 124 before 1t starts switching or after it has
finished switching. Consequently, the duration of the modu-
lating gate time T plays an important role in determining
the range over which the shutter 124 can measure distance.
In general, the target range (e.g., distance between the
LIDAR system 100 and a target) can be determined using
Equation (1):

¢ (1)

Range = 15 X 5

where c 1s the speed of light. Assuming a 20 nanosecond
(ns) modulating gate time 1s configured (e.g., T =20 ns) for

10

15

20

25

30

35

40

45

50

35

60

65

3

the shutter 124, the LIDAR system 100 may have a mea-
surement range of approximately 3 meters (m).

FIG. 4 illustrates a timing diagram 400 of operating a
shutter 124, e.g., 1n response to a shutter switching signal,
according to one embodiment. The timing diagram 400 may
represent a control signal for the shutter 124 (or more
specifically, for the polarization modulator 160) such as
voltage or current. Here, the timing diagram 400 includes
multiple shutter cycles, T -, which occur over an integration
period, T1, also referred to herein as a camera exposure time.
That 1s, an 1ntegration period (or camera exposure) can
include a plurality of shutter cycles, T -. During the mntegra-
tion period, the optical sensor(s) 122 can measure the
intensity of the light to generate a depth map of the scene.

Within each cycle, the timing diagram 400 turns “on” the
(polarization modulator 160 of the) shutter 124 during a
platean time period, T, (e.g., an “on” or “high” state), and
turns “off” the shutter 124 during an off or low time period,
T, (e.g., a “low” or “off” state). Each shutter cycle, T,
includes a first gate time period, T, where the controller
102 drives the shutter 124 to the “on” state, and a second
gate time period (not shown) where the controller 102 drives
the shutter 124 back down to the “off” state. In some
embodiments, the first gate time period 1s different from the
second gate time period. In other embodiments, the first gate
time period 1s equal to the second gate time period, assuming
the rising and falling edges of the shutter cycle are the same.
T . may depend on the type of shutter being used. In general,
embodiments may avoild using the second gate time period
so that the transfer function of the shutter 1s monotonic with
range.

In conventional shutter-gated LIDAR systems, the pulsed
i1lluminator 104 1s generally synchronized with the shutter
124. FIG. 5 shows an example timing diagram 500 of
operating a shutter (e.g., shutter 124) and a pulsed 1llumi-
nator (e.g., pulsed 1lluminator 104) (e.g., 1n conventional
shutter-gated LLIDAR systems). The timing diagram 300
depicts a first control signal (e.g., 1lluminator trigger) 504 for
the pulsed 1lluminator 104 and a second control signal (e.g.,
shutter trigger) 506 for the shutter 124. The first and second
control signals may be a voltage or current. Note that, for
ease of 1llustration, FIG. 5 depicts the first control signal 504
as a train of Dirac delta functions (also referred to as impulse
functions, 1mpulse train, etc.). More generally, the first
control signal 504 1s a train of short (or narrow) pulses (e.g.,
approximately 5 ns pulse width) that are approximately
(Gaussian 1n shape and the second control signal 506 1s a
frain of wider pulses (e.g., approximately 200 ns pulse
width) that are approximately rectangular i shape. For
example, given a desired measurement range, the first con-
trol signal may use pulses that are narrower than the desired
measurement range, and the second control signal may use
pulses that are greater than the desired measurement range.

Because the LIDAR system 100 typically uses fast optical
shutters and short opfical pulses, the shutter 124 generally
operates at a repetition rate that 1s significantly higher than
the frame rate 1n order to 1ncrease the amount of collected
light. Consequently, as shown 1n the timing diagram 500, the
pulsed 1lluminator 104 and the shutter 124 can be triggered
multiple times (e.g., hundreds to thousands of times) during
a single camera exposure 502, which in turn allows the
shutter 124 to capture multiple pulses (e.g., hundreds to
thousands of pulses) of the pulsed 1lluminator 104 that are
reflected from a scene during the single camera exposure
502. In this particular example, the controller 102 configures
the first control signal 504 (e.g., f; ;) and the second control
signal 506 (e.g., {5 -), so that pulsed illuminator 104 operates
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at the same repetition rate as the shutter 124. In particular,
the controller 102 sets f, ,=f, .

The synchronization of the pulsed illuminator 104 with
the shutter 124 as depicted 1n the timing diagram 500 causes
the shutter 124 to receive each reflected light pulse at a same
point 1n time during a state of the shutter 124. For example,
assume the pulsed 1lluminator 104 1s configured to emit “x”
number of light pulses during a single camera exposure (e.g.,
camera exposure 502) and the shutter 124 1s configured to
transition between “off”” and “on” states “x”” times during the
single camera exposure. In this example, the pulsed 1llumi-
nator 104 and the shutter 124 are generally synchronized so
that the shutter 124, during each transition, receives a
different one of the light pulses (reflected from a target) at
a same point during the state of the shutter 124. This same
point, for example, can be when the shutter 124 1s 1n an “off”
state (e.g., during T,), when the shutter 124 1s 1n an “on”
state (e.g., during T ), or when the shutter 124 1s transition-
ing between “off” and “on” states (e.g., during T ). FIG. 7A,
for example, shows one scenario where each (reflected) light
pulse “17°, *“27°, %37, “4”, and *“5” 1s received at a different one
of the time 1nstances when the shutter 124 1s transitioning
from “off” to “on” (e.g., during T ) FIG. 8A shows another
scenar1o where each (reflected) light pulse 1s received at a
different one of the time instances when the shutter 1s “off™
(e.g., during T,). Due to (1) the shutter 124 and the pulsed
1lluminator 104 being synchronized in this manner (e.g., 1n
conventional approaches) and (2) the target range 1nforma-
tion being encoded onto pulses that pass through the shutter
124 as 1t 1s switching, this conventional approach can limit
the measurement range of the LLIDAR system 100.

Embodiments herein increase the measurement range of a
LIDAR system (e.g., relative to conventional shutter-gated
LIDAR systems) by synchromzing (or configuring) the
pulsed 1lluminator 104 and the shutter 124, such that the
shutter 124 receives or samples reflected light pulses over a
wider range of the shutter cycle during the camera exposure
(as opposed to the exact same point of each shutter cycle
during the camera exposure). This wider range, for example,
can include a time during T, Tp, and T, (e.g., up to
T +T,+T;). In one particular embodiment, the controller
102 can configure the pulsed 1lluminator 104 and the shutter
124 to operate at different repefition rates 1n order to have
the shutter 124 sample reflected light pulses over a wider
range of the shutter cycle during the camera exposure. For
example, embodiments can generate a trigger sequence to
change the repefition rate of the shutter 124 (relative to the
repetition rate of the pulsed illuminator 104), such that the
shutter 124, during a camera exposure, receives reflected
light pulses at different points during the shutter cycles
(corresponding to different states of the shutter 124). In this
manner, embodiments can dynamically increase the effec-
tive width of the shutter window (e.g., without changing the
hardware or the shutter driving electronics), and therefore,
the range of the LLIDAR system 100.

FIG. 6 1s a timing diagram 600 of operating a shutter 124
and a pulsed i1lluminator 104 to broaden the measurement
range of a LIDAR system 100, according to one embodi-
ment. Here, the controller 102 may generate a master trigger
602 that begins a camera exposure 604, triggers the genera-
tion of a trigger sequence 606 for the pulsed 1lluminator 104,
and triggers the generation of a trigger (pulse) sequence 608
for the shutter 124. Note that, for ease of illustration, the
trigger sequence 606 1s depicted as a train of Dirac delta
functions. In general, the trigger sequence 606 1s a train of
short pulses (e.g., narrow Gaussian pulses) and the trigger

sequence 608 1s a train of wider pulses (e.g., wider rectan-
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gular pulses). In one example, each pulse of the trigger
sequence 606 can have an approximate 3 ns pulse width and
each pulse of the trigger sequence 608 can have an approxi-
mate 200 ns pulse width. Note, however, that this 1s merely
an example and that other pulse widths and other types of
waveforms can be used for the trigger sequences 606, 608.
During the camera exposure 604, the controller 102 gener-
ates (and sends) a trigger (or pulse) sequence 608 that
changes a repetition rate (or frequency) of the shutter 124,
such that the shutter 124 samples reflected light pulses over
a wider range of the shutter cycles (or transitions).

As shown, the controller 102 creates a temporal walk-off
(e.g., 24) between the train of pulses (of the trigger sequence
606) and the train of pulses (of the trigger sequence 608)
during the camera exposure 604. For example, at a first time
instance 610 (during the camera exposure 604), the temporal

walk-off between the 1lluminator pulse 606A and the shutter
pulse 608A 1s

W
) .

At a second (subsequent) time instance 612 (during the
camera exposure 604), the temporal walkoff between the
1lluminator pulse 606F and the shutter pulse 608F 1s 0. At a
third (subsequent) time instance 614 (during the camera
exposure 604), the temporal walkoff between the 1lluminator
pulse 606L. and the shutter pulse 6081 1s w/2. This temporal
walk-off effectively broadens the range gate of the shutter
124 tow, where w>T ~, which 1n turn increases the measure-
ment range of the LIDAR system 100. The controller 102
may generate a new trigger sequence 606 and trigger
sequence 608 for each camera exposure 604, e.g., based on
the master trigger 602.

Note, however, FIG. 6 depicts merely a reference example
of a trigger sequence that can be configured to broaden the
range gate of the shutter 124, and that different trigger
sequences can be used i1n other embodiments. In some
embodiments, for example, the controller 102 may generate
a trigger sequence that does not require a temporal offset
between each shutter pulse and illuminator pulse. In some
cases, the order of the shutter pulses (e.g., the delay for each
shutter pulse) can be rearranged mmto a pseudorandom
sequence that 1s evenly distributed across the desired mea-
surement range. In general, the trigger sequence 608 may be
a sequence generated by the controller 102, such that the
shutter 124 samples reflected light pulses over a wider range
of the shutter cycles during the camera exposure 604,
relative to operation of the shutter in conventional shutter-
gated LIDAR systems.

Generally, the intensity measured for each frame, L, ,,..
can be expressed (with Equation (2)) as the integral of the
return 1llumination pulse, p(t), multiplied by the shutter
transfer function, s(t), summed over all of the pulses 1n the
frame:

Lpome=Sico™ o op(t)s{H)dt (2)

For this example, the pulse 1s assumed centered and sym-
metric about the middle of the shutter period, such that the
return pulse peak occurs at t=T /2 from a target located 1n
the middle of the desired measurement range. And, to
maximize measurement range, this pulse peak should be
aligned to the center of the shufter’s modulating gate at
t=T /2 when 1=(n—1)/2. This assumes that the shutter trans-
fer function is shifted by a time step A each shutter period,
T ., and that the desired measurement range 1s w. For the
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general expression for the shutter function 1n Equation (3)
below, s_(0) defines the center of the modulating gate, where
the shutter 1s turned on half-way:

s;(t) =s0(t —ihp, +w/2=T,/2) (3)

FIG. 7A 1s a diagram 700A that 1llustrates the relationship
between operation of a shutter (e.g., represented by shutter
waveform 712) and a sequence of reflected light pulses
received by the shutter. The diagram 700A may be in
response to the timing diagram 500 and may occur when the
target 1s located 1n the center of the range gate of the shutter
(e.g., during a shutter “on” transition time). As shown, the
reflected light pulses “17-*3 are received at different times
at the shutter, as indicated by their different positions on the
X-axis (which measures time). However, because the shutter
and pulsed 1lluminator have the same repetition rate, each
reflected light pulse 1s received by the shutter at a same point
over each shutter cycle. In this case, that same point 1s the
middle of each transition of the shutter from an “off”” to “on”
state (e.g., during T ). Because each reflected pulse encoun-
ters the shutter at the same point of the shutter cycle, each
of the reflected light pulses has a same intensity, e.g., as
shown 1n graph 710A. In this case, assuming each of the
reflected light pulses has a magnitude of “1,” the optical
sensor 122 (e.g., detector) may measure (e.g., using Equa-
tion (2)) a total intensity of “3” during the frame.

FIG. 7B 1s a diagram 700B that illustrates the relationship
between operation of a shutter (e.g., represented by shutter
waveform 714) and a sequence of reflected light pulses
received by the shutter, according to one embodiment. The
diagram 700B may be 1n response to the timing diagram 600
and may occur when the target 1s located 1n the center of the
range gate of the shutter (e.g., during a shutter “on” transi-
tion time). As shown, the reflected light pulses “17-*5" are
received at different times at the shutter, as indicated by their
different positions on the X-axis (which measures time).
However, compared to the diagram 700A, each reflected
light pulse 1s received by the shutter at a different point over
each shutter cycle. In particular, the reflected light pulse “1”
1s rece1ved by the shutter when the shutter 1s 1n an “off” state
(e.g., during T, ), the reflected light pulse “2” 1s received by
the shutter when the shutter 1s at a beginning of a transition
from an “off”’ state to an “on” state (e.g., beginning of T ),
the reflected I1 ght pulse “3” 1s received by the shutter when
the shutter 1s 1n the middle of the transition from “off” to
“on” (e.g., middle of T,), the reflected light pulse “4” 1
received by the shutter when the shutter 1s at an end of tfle
transition to the “on” state (e.g., ending of T-), and the
reflected light si gnal “3” 1s received by the shutter when the
shutter 1s 1n the “on” state (e.g., during T ;). As noted above,

the diagram 700B may be caused by the temporal walkoff

between the train of pulses (of the trigger sequence 606) and
the train of pulses (of the trigger sequence 608) depicted 1n
FIG. 6.

Because each reflected pulse encounters the shutter at
different portions of the shutter pulse duration, the reflected
light pulses may have different intensities, e.g., as shown 1n
graph 710B. In this case, the magnitude of the reflected Light
pulse “1” may be approximately “0”, the magnitude of the
reflected light pulse “2” may be approximately “0”, the
magnitude of the reflected light pulse “3” may be approxi-
mately “17, the magnitude of the reflected light pulse “4”
may be approximately “2” and the magnitude of the
reflected light pulse “5” may be “2”. In this case, the optical
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sensor 122 may also measure (e.g., using Equation (2)) a
total intensity approximately equal to *“3” during the frame.

FIG. 8A 15 a diagram 800A that 1llustrates the relationship
between operation of a shutter (e.g., represented by shutter
waveform 812) and a sequence of reflected light pulses
received by the shutter. The diagram 800A may be 1n
response to the timing diagram 500 and may occur when the
target 1s located outside of the range gate of the shutter.
Similar to diagram 700A, the reflected light pulses “17°-5”

are received at different times at the shutter, as indicated by

theiwr different positions on the X-axis (which measures

time). However, because the shutter and pulsed illuminator
have the same repetition rate, each reflected light pulse 1s
received by the shutter at a same point over each shutter
cycle. In this case, that same point 1s when the shutter 1s 1n
an “off” state (e.g., during T,) and no range information 1s
encoded on the pulse. Because each reflected pulse encoun-
ters the shutter at the same point of the shutter pulse
duration, each of the reflected light pulses has a same
intensity, e.g., as shown 1n graph 810A. In this case, each of
the reflected light pulses has a magnitude of “0” and the
optical sensor 122 (e.g., detector) measures a total intensity
of “0” during the frame. For example, the intensity measured
during this frame, I, (using Equation (2)) may be
approximately equal to 0.

FIG. 8B 1s a diagram 800B that illustrates the relationship
between operation of a shutter (e.g., represented by shutter
waveform 814) and a sequence of reflected light pulses
received by the shutter, according to one embodiment. The
diagram 800B may be 1n response to the timing diagram 600
and may occur when the target 1s located outside of the range
gate of the shutter. As shown, the reflected light pulses
“17-“5” are received at different times at the shutter, as
indicated by their different positions on the X-axis (which
measures time). However, compared to the diagram 800A,
each reflected light pulse 1s received by the shutter at a
different point over each shutter cycle. In particular, the
reflected light pulse “1” 1s received by the shutter when the
shutter 1s 1n an “off”” state (e.g., during T, ), the reflected light
pulse “2” 1s received by the shutter when the shutter 1s 1n an
“off” state (e.g., during T, ), the reflected light pulse “3” 1s
received by the shutter when the shutter 1s 1n an “off” state
(e.g., during T,), the reflected light pulse “4” 1s received by
the shutter when the shutter 1s at a first point during the
transition from “off” to “on” (e.g., first time mnstance during
T.) and the reflected light signal “5” 1s received by the
shutter when the shutter 1s at a second (later) point during the
transition from “off” to “on” (e.g., second subsequent time
instance during T ). As noted above, the diagram 800B may
be caused by the temporal walk-off between the train of
pulses (of the trigger sequence 606) and the train of pulses
(of the trigger sequence 608) depicted 1n FIG. 6.

Because each reflected pulse encounters the shutter at
different portions of the shutter cycle, the reflected Light
pulses may have different intensities, e.g., as shown 1n graph
810B. In this case, the magnitude of the reflected light pulse
“1” may be approximately “07, the magnitude of the
reflected light pulse “2” may be approximately “0”, the
magnitude of the reflected light pulse “3” may be approxi-
mately “0”, the magnitude of the reflected light pulse “4”
may be approximately “0.5” and the magnitude of the
reflected light pulse “5” may be approximately “1.5”. In this
case, due to the walkofl between the pulse trains 606, 608,
the optical sensor 122 1s able to measure a total intensity
approximately equal to “2” during the frame, compared to
the measured intensity value of “0” (e.g., as shown 1n FIG.
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8A). That 1s, the intensity measured during this frame, I ,,,...
(using Equation (2)) may be approximately equal to 2.

FIG. 9 1s a flowchart of a method 900 for increasing the
measurement range of a LIDAR system, according to one
embodiment. The method 900 may be performed by one or
more components of the LIDAR system 100. In one par-
ticular embodiment, the method 900 1s performed by a
controller (e.g., controller 102).

The method 900 may enter at block 902, where the
LIDAR system configures a pulsed 1lluminator (e.g., pulsed
1lluminator 104) with a first repetition rate (or frequency)
(e.g., I, 5). At block 904, the LIDAR system determines a
second repetition rate (or frequency) (e.g., {.-) for a shutter
(e.g., shutter 124) that 1s different from the first repetition
rate. In one embodiment, the LIDAR system determines the
second repefition rate based on the first repetition rate (e.g.,
f;5), a frame rate (e.g., frames per second) of an 1mage
sensor (e.g., optical sensor 122), and a target (or desired)
range (w) for the LIDAR system.

For example, given a desired gate broadening of w, the
LIDAR system can determine the shutter repetition rate (or

shutter burst frequency) (f,-) using Equation (4):

fec=fio~fip ZApp (4)

where f, , 1s the first repetition rate (e.g., illuminator pulse
frequency) and A 1s the shutter pulse walk-off per pulse.
A, may be determined using Equation (5):

w (5)
ﬁpp = ;

where w 1s the desired gate broadening (e.g., 1n time,
typically on the order of nanoseconds), and n 1s the number
of 1lluminator pulses per frame. n may be determined using
Equation (6):

(6)

2
n<Tcan™f1p

where the camera exposure

1
frame rate

Toanr <

In one reference example, assuming w=100 ns, the frame
rate=10 fps, f, ,=10 kilohertz (kHz), and n=1000 pulses 1n
a burst captured by a single exposure, the LIDAR system
can set f, - approximately equal to 9.99998889 kHz using
Equations (4), (5), and (6).

At block 906, the LIDAR system emits light pulses
towards an environment (e.g., scene 130) at the first repeti-
tion rate. At block 908, the LIDAR system synchronizes
operation of the shutter, based on the second repetition rate,
such that the light pulses reflected from the environment
arrive at the shutter at different portions of the shutter cycle.
For example, as noted above, at some time 1nstances (during
a camera exposure), the light pulses reflected from the
environment may arrive at the shutter when the shutter 1s 1n
" state (e.g., during T,); at other time instances

an “off
(during the camera exposure), the light pulses reflected from
the environment may arrive at the shutter when the shutter
1s 1n an “on” state (e.g., during T,); and at yet other time
instances (during the camera exposure), the light pulses
reflected from the environment may arrive at the shutter
when the shutter 1s transitioning from an “off” to “on” state
(e.g., during T ).
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At block 910, the LIDAR system measures an intensity of
the reflected light pulses received by the shutter at different
portions of the shutter cycle (based on the second repetition
rate) during the camera exposure. At block 912, the LIDAR
system determines a distance between the LIDAR system
and an object 1n the environment, based on the measured
intensity.

FIG. 10 shows an example measurement of the range of
a LIDAR system (e.g., LIDAR system 100) for a conven-
tional range gate and an extended range gate obtained using
the techniques presented herein, according to one embodi-
ment. For this example, the conventional range gate has a
hardware configured modulating gate time (or switching
window) T =20 ns, f, ,=10 kHz, the frame rate=10 fps, and
n=900 pulses. As shown, using conventional techniques, the
measurement range (represented by line 1002) of the
LIDAR system may be limited to approximately 3 m (e.g.,
obtained using Equation (1), based on T .=~20 ns), when the
repetition rate of the shutter (f,.-) 1s equal to 1, . In contrast,
by setting I, to a different repetition rate than f,, (e.g.,
f,-=9.99998889 kHz), the range gate can be extended to
~100 ns, which corresponds to a measurement range (rep-
resented by line 1004) of approximately 15 m (e.g., obtained
using Equation (1), based on T =~100 ns).

The descriptions of the various embodiments of the
present 1nvention have been presented for purposes of
illustration, but are not intended to be exhaustive or limited
to the embodiments disclosed. Many modifications and
variations will be apparent to those of ordinary skill 1n the
art without departing from the scope and spirit of the
described embodiments. The terminology used herein was
chosen to best explain the principles of the embodiments, the
practical application or technical improvement over tech-
nologies found 1n the marketplace, or to enable others of
ordinary skill in the art to understand the embodiments
disclosed herein.

In the preceding, reference 1s made to embodiments
presented 1n this disclosure. However, the scope of the
present disclosure 1s not limited to specific described
embodiments. Instead, any combination of the features and
elements described herein, whether related to different
embodiments or not, 1s contemplated to implement and
practice contemplated embodiments. Furthermore, although
embodiments disclosed herein may achieve advantages over
other possible solutions or over the prior art, whether or not
a particular advantage 1s achieved by a given embodiment 1s
not limiting of the scope of the present disclosure. Thus, the
aspects, features, embodiments and advantages described
herein are merely illustrative and are not considered ele-
ments or limitations of the appended claims except where
explicitly recited 1n a claim(s). Likewise, reference to “the
invention” shall not be construed as a generalization of any
inventive subject matter disclosed herein and shall not be
considered to be an element or limitation of the appended
claims except where explicitly recited 1n a claim(s).

Aspects of the present invention may take the form of an
entirely hardware embodiment, an enfirely software embodi-
ment (including firmware, resident software, micro-code,
etc.) or an embodiment combining software and hardware
aspects that may all generally be referred to herein as a
“circuit,” “module” or “system.”

The present invention may be a system, a method, and/or
a computer program product. The computer program prod-
uct may include a computer readable storage medium (or
media) having computer readable program instructions
thereon for causing a processor to carry out aspects of the
present invention.
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The computer readable storage medium can be a tangible
device that can retain and store instructions for use by an
instruction execution device. The computer readable storage
medium may be, for example, but 1s not limited to, an
clectronic storage device, a magnetic storage device, an
optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination
of the foregoing. A non-exhaustive list of more specific
examples of the computer readable storage medium includes
the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory
(EPROM or Flash memory), a static random access memory
(SRAM), a portable compact disc read-only memory (CD-
ROM), a digital versatile disk (DVD), a memory stick, and
any suitable combination of the foregoing. A computer
readable storage medium, as used herein, 1s not to be
construed as being transitory signals per se, such as radio
waves or other freely propagating electromagnetic waves,
clectromagnetic waves propagating through a waveguide or
other transmission media (e.g., light pulses passing through
a fiber-optic cable), or electrical signals transmitted through
a wire.

Computer readable program instructions described herein
can be downloaded to respective computing/processing
devices from a computer readable storage medium or to an
external computer or external storage device via a network,
for example, the Internet, a local area network, a wide area
network and/or a wireless network. The network may com-
prise copper transmission cables, optical transmission fibers,
wireless transmission, routers, firewalls, switches, gateway
computers and/or edge servers. A network adapter card or
network interface 1 each computing/processing device
receives computer readable program instructions from the
network and forwards the computer readable program
instructions for storage i a computer readable storage
medium within the respective computing/processing device.

Computer readable program instructions for carrying out
operations of the present invention may be assembler
instructions, instruction-set-architecture (ISA) instructions,
machine i1nstructions, machine dependent instructions,
microcode, firmware instructions, state-setting data, or
either source code or object code written 1n any combination
ol one or more programming languages, including an object
oriented programming language such as Smalltalk, C++ or
the like, and conventional procedural programming lan-
guages, such as the “C” programming language or similar
programming languages. The computer readable program
instructions may execute entirely on the user’s computer,
partly on the user’s computer, as a stand-alone software
package, partly on the user’s computer and partly on a
remote computer or entirely on the remote computer or
server. In the latter scenario, the remote computer may be
connected to the user’s computer through any type of
network, including a local area network (LAN) or a wide
area network (WAN), or the connection may be made to an
external computer (for example, through the Internet using
an Internet Service Provider). In some embodiments, elec-
tronic circuitry including, for example, programmable logic
circuitry, field-programmable gate arrays (FPGA), or pro-
grammable logic arrays (PLA) may execute the computer
readable program instructions by utilizing state information
of the computer readable program 1nstructions to personalize
the electronic circuitry, 1n order to perform aspects of the
present mvention.

Aspects of the present invention are described herein with
reference to flowchart illustrations and/or block diagrams of
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methods, apparatus (systems), and computer program prod-
ucts according to embodiments of the mvention. It will be
understood that each block of the flowchart illustrations
and/or block diagrams, and combinations of blocks in the
flowchart 1llustrations and/or block diagrams, can be 1mple-
mented by computer readable program instructions.

These computer readable program instructions may be
provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the tlowchart and/or block diagram block or blocks. These
computer readable program instructions may also be stored
in a computer readable storage medium that can direct a
computer, a programmable data processing apparatus, and/
or other devices to function 1n a particular manner, such that
the computer readable storage medium having instructions
stored therein comprises an article of manufacture including
instructions which implement aspects of the function/act
specified 1n the flowchart and/or block diagram block or
blocks.

The computer readable program instructions may also be
loaded onto a computer, other programmable data process-
ing apparatus, or other device to cause a series of operational
steps to be performed on the computer, other programmable
apparatus or other device to produce a computer 1mple-
mented process, such that the instructions which execute on
the computer, other programmable apparatus, or other
device implement the functions/acts specified 1n the flow-
chart and/or block diagram block or blocks.

The flowchart and block diagrams 1n the figures. 1llustrate
the architecture, functionality, and operation of possible
implementations of systems, methods, and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block 1n the flowchart
or block diagrams may represent a module, segment, or
portion ol instructions, which comprises one or more
executable instructions for implementing the specified logi-
cal function(s). In some alternative implementations, the
functions noted 1n the block may occur out of the order noted
in the figures. For example, two blocks shown 1n succession
may, in fact, be executed substantially concurrently, or the
blocks may sometimes be executed in the reverse order,
depending upon the functionality mvolved. It will also be
noted that each block of the block diagrams and/or flowchart
illustration, and combinations of blocks 1n the block dia-
grams and/or flowchart illustration, can be implemented by
special purpose hardware-based systems that perform the
specified functions or acts or carry out combinations of
special purpose hardware and computer instructions.

While the foregoing i1s directed to embodiments of the
present invention, other and further embodiments of the
invention may be devised without departing from the basic
scope thereol, and the scope thereof 1s determined by the
claims that follow.

What 1s claimed 1is:
1. A light detection and ranging (LIDAR) system, com-
prising:

a light source configured to emait light pulses toward a
target;

a shutter configured to receive retlections from the target
caused by the light pulses;

an 1mage sensor arranged at an output of the shutter; and

a controller configured to:
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trigger the light source to emit the light pulses at a first
repetition rate;
determine a second repetition rate for operation of the
shutter, based at least 1n part on a target measurement
range, the first repetition rate, and a frame rate of the
image sensor, wherein the second repetition rate 1s
different than the first repetition rate;
synchronize the operation of the shutter with the light
source during a time period, based on the second
repetition rate, such that the reflections from the
target arrive at the shutter when the shutter 1s 1n
different states during the time period, wherein:
at a first time 1nstance during the time period, a first
of the reflections from the target arrives at the
shutter when the shutter 1s 1n an off state;
at a second time instance during the time period
subsequent to the first time instance, a second of
the reflections from the target arrives at the shutter
when the shutter 1s transitioning from the off state
to an on state; and
at a third time instance during the time period
subsequent to the second time 1nstance, a third of
the reflections from the target arrives at the shutter
when the shutter 1s 1n the on state;
measure, via the image sensor and during the time
period, an intensity of the retlections from the target
that arrive at the shutter when the shutter i1s 1n the
different states; and
determine a range to the target based on the measured
intensity of the reflections.

2. The LIDAR system of claim 1, wherein the shutter
COmMprises:

a first polanizer configured to receive the retlections and

output polarized retlections;

a polarization modulator configured to receive the polar-
1zed reflections and modify a polarization state of each
of the polarized retlections; and

a second polarizer configured to receive the polarized
reflections with the modified polarization states and
output intensity modulated reflections.

3. The LIDAR system of claim 2, wherein:

the time period comprises a plurality of cycles, each
comprising an oil time, a gate time, and a plateau time;

a phase retardation of the polarization modulator changes
monotonically during the gate time; and

the phase retardation 1s constant during the o
the plateau time.

4. The LIDAR system of claim 1, wherein the time period
corresponds to a time of exposure of the 1mage sensor for a
single frame.

5. A system, comprising;:

a light source configured to emit light pulses toward a

target;

a shutter configured to receive retlections from the target
caused by the light pulses;

an 1mage sensor arranged at an output of the shutter and
configured to receive the reflections from the target
passing through the shutter; and

a controller configured to:
synchronize operation of the shutter with the light

source during a time period, such that the retlections
from the target arrive at the shutter when the shutter
1s 1n different states during the time period, wherein:
at a first time 1nstance during the time period, a first
of the reflections from the target arrives at the
shutter when the shutter 1s 1n an off state;
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at a second time instance during the time period
subsequent to the first time instance, a second of
the reflections from the target arrives at the shutter
when the shutter 1s transitioning from the off state
to an on state; and
at a third time instance during the time period
subsequent to the second time 1nstance, a third of
the reflections from the target arrives at the shutter
when the shutter 1s in the on state;
measure, via the image sensor and during the time
period, an intensity of the reflections from the target
that arrive at the shutter when the shutter 1s 1n the
different states; and
determine a range to the target based on the measured
intensity of the retlections.
6. The system of claim 35, wherein the time period
corresponds to a time of exposure of the 1mage sensor for a
single frame.
7. The system of claim 5, wherein the different states of
the shutter comprise the off state, the on state, and a state
during which the shutter 1s transitioning from the ofl state to
the on state.
8. The system of claim 5, wherein a function of the shutter
changes monotonically when the shutter 1s transitioning
from the off state to the on state.
9. The system of claam 35, wherein the shutter has a
hardware configured switching window during which the
shutter transitions from the off state to the on state.
10. The system of claim 9, wherein each of the first time
instance, the second time instance, and the third time
instance occurs within the hardware configured switching
window.
11. The system of claim 9, wherein each of the first time
instance, the second time instance, and the third time
instance occurs outside of the hardware configured switch-
ing window.
12. The system of claim 11, wherein a sum of the
intensities of the first reflection, the second reflection, and
the third reflection 1s greater than zero.
13. The system of claim 5, wherein synchronizing the
operation of the shutter with the light source during the time
period comprises:
generating a trigger sequence to control the operation of
the shutter, the trigger sequence being configured to
change an occurrence of each of a plurality of shutter
cycles during the time period, relative to an occurrence
of each of the light pulses during the time period; and

sending the trigger sequence to the shutter during the time
period.

14. The system of claim 13, wherein the occurrence of
cach of the plurality of shutter cycles 1s random during the
time period.

15. A method for increasing a measurement range of a
light detection and ranging (LIDAR) system, the method
comprising:

triggering a light source of the LIDAR system to emit

light pulses towards a target;

synchronizing operation of a shutter of the LIDAR system

with the light source during a time period, such that

reflections from the target caused by the light pulses

arrive at the shutter when the shutter 1s 1n different

states during the time period, wherein:

at a first time 1nstance during the time period, a first of
the reflections from the target arrives at the shutter
when the shutter 1s 1n an off state;

at a second time 1nstance during the time period sub-
sequent to the first time 1nstance, a second of the
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reflections from the target arrives at the shutter when
the shutter 1s transitioning from the off state to an on
state; and

at a third time 1instance during the time period subse-
quent to the second time instance, a third of the
reflections from the target arrives at the shutter when
the shutter 1s 1n the on state;

measuring, via an image sensor of the LIDAR system and

during the time period, an intensity of the retlections
from the target that arrive at the shutter when the
shutter 1s 1n the different states; and

determining a range to the target based on the measured

intensity of the reflections.

16. The method of claim 15, wherein the diflerent states
of the shutter comprise the off state, the on state, and a state
during which the shutter 1s transitioning from the off state to
the on state.

17. The method of claim 15, wherein a function of the
shutter changes monotonically when the shutter 1s transi-

tioming from the off state to the on state.

18. The method of claim 15, wherein the shutter has a
hardware configured switching window during which the
shutter transitions from the ofl state to the on state.

19. The method of claim 18, wherein each of the first time
instance, the second time instance, and the third time
instance occurs within the hardware configured switching
window.

20. The method of claim 18, wherein each of the first time
instance, the second time instance, and the third time
instance occurs outside of the hardware configured switch-
ing window.
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